Background Robot-assisted anastomosis holds great promise for the future.
Introduction
Robot-assisted surgery technology, which is an interdisciplinary field of medicine, biomechanics, mechanics and computer and robotics technology, has become an active research area in recent years. It aims to provide surgeons with tools that enhance and complement their free-hand abilities during surgery. It can not only extend the ability of the surgeon but also enhance the quality of the surgery (1) (2) (3) (4) . The superiority of robot-assisted surgery lies in the precision and accuracy of surgery by scaling down motion and filtering out hand tremor, and especially the ability to use copious, detailed and diverse information. However, some of the major drawbacks of currently available robotic systems in comparison with free-hand surgery include the lack of haptic feedback and a high degree of hand-eye coordination and judgement, as well as poor adaptability and flexibility.
The lack of haptic feedback limits the effectiveness of operations and may increase tissue trauma, since the surgeon cannot feel the tissue and evaluate the anatomical structures. The force applied to organic tissue can only be estimated through visual feedback by observing the deformation of the tissue (5) . Researchers are seeking feasible solutions to tissue manipulation by adding force measurement and feedback to robotic systems (6) (7) (8) (9) (10) (11) (12) (13) (14) and designing instruments to identify tissue propertiues (15) (16) (17) (18) (19) . Such attempts are still not sufficient to enhance the quality of actual operations, due to a lack of the specific or excessive force applied on the end effectors needed in surgical operations. As such, a force range of end effectors should be specified in robot-assisted surgery.
In addition, robots cannot use qualitative information and efficiently exercise judgement, since they do not possess the hand-eye coordination of human operators. Nevertheless, a robotic system can provide quantitative information of tissue dimensions and deformation and supply force feedback and models of the tissue-instrument interaction to surgeons in robot-assisted surgery (20) . Accordingly, detailed commands or preoperative planning systems must be provided to direct a surgical robotic system (21) . A general understanding of the surgery process and the relationship between process factors and the quality of surgery are therefore required to complete such manipulations.
This paper studies vessel anastomosis as a specific example of robot-assisted surgery. Vessel anastomosis is one of the most essential and difficult tasks in surgery, but is required in many surgical procedures involving blood vessels. Unfortunately, quite often the quality of the vessel anastomosis is not very satisfactory and may decrease significantly over time. Consequently, many researchers seek approaches to ensure the quality of anastomosis by adjusting the appropriate values of process variables (22) (23) (24) (25) (26) (27) . However, most of them focus on the wall shear stress distribution that may induce intimal hyperplasia and thrombosis, hence ultimate failure in anastomosis. Little research exists concerning the physical process and prerequisites for a successful anastomosis. Gasser et al. (28) first investigated the mechanics of arterial clamping by the finite element method and presented the deformation process of a clamped artery during the artery operation. Schajer et al. (29) illustrated how the nonlinear elastic behaviour of artery wall material can cause unusual structural characteristics, using a cross-sectional model of a circular flange of artery material.
This study investigated the physical process of anastomosis, and the force range of sutures in robotassisted anastomosis surgery is presented here. A mechanical model was used to analyse the suture force and tension loaded on a vessel during the process of end-to-end anastomosis. A three-dimensional (3D) finite element model was developed to analyse the deformation of the tissue and gain stress distribution on the vessel wall. A rubber material was used to simulate the performance of the vessel. Two experiments are also carried out; one was a uniaxial tensile test, used to obtain the constitutive equation of the rubber which was used in place of a vessel in the vessel anastomosis model. The other was a tensile experiment of a rubber/suture structure, used to validate the FEM simulations.
The remainder of the paper is organized as follows. The next section analyses the clinical requirements of end-to-end anastomosis, carries out a material property test to identify the constitutive equation of the rubber used in anastomosis model, and sets up a mechanical model to describe the relationship between the vessel and sutures and a finite element model to gain the wall stress distribution of the vessel. We then present the results of FE simulation and determine the minimal and maximal allowable tension loaded on a vessel through the mechanical model in the process of end-to-end vessel anastomosis.
Materials and Methods

Anastomosis process
The vessel anastomosis technique consists of end-to-end, end-to-side and side-to-side joining (30) . The end-toend anastomosis of equal vessels is relatively simple. This study uses such an anastomosis as an example to investigate the relationship between the quality and process factors in anastomosis. Based on observations of manual anastomosis operations, an anastomosis process can be decomposed into five surgical tasks: vessel exposure and mobilization, create a transverse arteriotomy excision, vessel dilatation and suturing (31, 32) . The suturing task can be subdivided into the following five steps: stitching, creating a suture loop, developing a knot, placing the knot and securing the knot (33) . This paper focuses on the final step of suturing in anastomosis operation: securing a knot, which involves applying a proper tension without injuring the soft tissue or loosening the knot.
In anastomosis operations, several requirements must be met. The surgeon needs to decide the proper type of instruments, the correct positions to entrance bites on the vessel wall, and the exact number of knots according to the diameter and wall thickness of the vessel. It is also required that the knots be placed on the circumference of the vessel by proportional spacing, so that the wall stress is uniform after anastomosis. Therefore, the parameters involved in the process of endto-end vessel anastomosis are vessel diameter, vessel wall thickness, physical properties of the vessel, diameter of needle, diameter of suture, physical properties of the suture, distance between entry point and cross-section, and number of knots. Since knots are usually placed symmetrically and the same operation is used for every knot, this paper studies only one knot, assuming that all knots are performed the same way.
The basic clinical requirements for a successful anastomosis procedure include: (a) no breaking of thread material; (b) no tissue injury and strangulated sutures; (c) no blood leak; (d) including an equal amount of vessel on the two ends of the divided vessel; and (e) including the entire thickness of the vessel wall and achieving intima-to-intima coaptation. In anastomosis, if the tissue wall stress caused by the tension loaded on the suture is too large, the tissue would be mildly or even severely damaged with wall disruptions. On the other hand, blood would infiltrate from the cross-section of anastomosis if the wall stress is too small. Therefore, the wall stress induced by the tension of the suture must be in an effective range ([σ min ], [σ max ]), where [σ min ] is the allowable lower limit of wall stress to avoid blood osmosis and [σ max ] is the allowable upper limit of wall stress to prevent injury to the tissue. Consequently, the tension loaded on a suture must be in a corresponding range of ([T min ], [T max ]), where [T min ] is the allowable lower limit and [T max ] is the allowable upper limit. Since it is currently technically difficult to precisely control the tension with surgical robotic instruments, tissue wall stress is utilized in this paper as the criterion to estimate the anastomosis quality and the tension loaded on the suture in robotassisted vessel anastomosis. When suturing the vessels, every stitch should include an equal amount of tissue on the two vessels, include the entire thickness of the vessel wall to achieve intima-to-intima coaptation. These requirements, especially the intima-to-intima coaptation, are decided by the experience and skills of the surgeon, which is not within the scope of this paper.
Material property tests
In this work, the vascular tissue is simulated by a latex rubber used in medical gloves, since the vascular tissue is rubber-like in its mechanical behaviour (34) . The rubber describes well the mechanical behaviours and properties of vascular tissue, including the constitutive relationship and damage criteria. Although the viscoelastic characteristics of the real tissue are not included, the plastic failure is well simulated. A uniaxial tensile test is conducted to obtain the stress-strain curve of the latex rubber. The testing machine used is INSTRON-3340 (measuring range, −10 to +10 N). The experimental set-up is shown in Figure 1 .
Due to its geometrical and material non-linearities, the mechanical behaviours of rubber materials could not be represented by parameters such as Young's modulus and the Poisson ratio. Therefore, the strain energy function of Marlow (35) was introduced to describe the constitutive relationship of the latex rubber. As shown in Figure 2 , the Marlow model is stable in the whole strain range, and the stress-strain curve fitted by the Marlow strain energy function is consistent with the experimental data obtained through a quasi-static uniaxial tensile test, which validates the feasibility of such a model in describing the distortion characteristics of rubber. Hence, the Marlow strain energy function is selected as the constitutive equation of the rubber in the FEM simulation.
Mechanical model
After a knot is formed, it is secured by applying the proper tension. For the knot technique, a simple knot is placed on the wound surface by the first throw. The tension loaded onto the suture should be large enough to produce adequate traction force to fix the tissue but not so large as to injure the tissue. The other throws are required be done in the opposite direction. Precise tension should also be applied without breaking or loosening the knot. In this paper, only the first throw is analysed. Figure 3a shows the force loaded on the suture in the first throw for an end-to-end anastomosis between two equal vessels. Let point p a be the entry point and p b the exit point of the suture, respectively. Let F 1a be the force of the loop end loaded by the end effector, F 1b be the force of the loop end loaded by the vessel tissue, F 2a be the force of the post end loaded by the end effector, and F 2b be the force of the post end loaded by the vessel tissue. After the needle is drawn through the tissue, the loop end, which holds the needle, is at the exit point p b and the post end is at p a . For the first throw, the directions of F 1a and 
(1)
A schematic force analysis of the vessel tissue at the cross-section of the end-to-end anastomosis after suturing is conducted as shown in Figure 3b , where T is the tension of the suture, F 1b is the reaction force of F 1b , and P is the contact pressure. The suture tension is regarded to be the same everywhere, because the vessel wall is very thin and the interface resistance pressure can be therefore neglected. It is parallel to the axis of the vessel as a result of the flexibility of the suture. Hence:
and the total tension of vessel tissue loaded by the single knot is:
Since the vessel tissue produces wall stress under suture tension, F 1b and F 2b should be controlled to a certain range by the medical robotic system. As stated in Anastomosis process, the wall stress must be in an effective range Patel (36) , vascular tissue is rubber-like in its mechanical behaviour and has general properties as follows: homogeneity, incompressibility, orthotropy, non-linearity, incremental linearity, cylindricality and thinness of the vessel wall. The two vascular vessels in an anastomosis operation are physically modelled as cylinders in shape. To simplify the analysis, both vascular cylinders are assumed to be axisymmetric and have the same uniform, thin-walled cross-section. It is also assumed that the initial residual stresses of vascular tissues do not significantly influence the physiological deformations, and the visco-elastic behaviour of the vascular tissue is neglected.
The diameter of the vessel is 4 mm. The thickness of the vascular wall is about 7-12% of vascular diameter, according to Fung (37), hence 0.28-0.48 mm. The distance between the entry point and the cross-section is about the same as the thicknesses of the vascular wall (30) (31) (32) . The knots are axisymmetric on the circumference of the vessel. The number of knots is about four to twelve, determined by the diameter of the vessel. Accordingly, eight knots will be placed on the vessel. The distance between the cross-section and clamping is about 10 mm.
According to the diameter of the vessel, the type and size of the suture is selected as prolene 7-0 and the type of needle is 7-0. Parameters of the suture and needle are provided in Table 1 . According to the tensile strength of the suture, the range of tension loaded on the suture is (0, 1.3) N. Parameters in the anastomosis model are shown in Table 2 .
The vessel anastomosis processes are simulated using ABAQUS (35) . The FE simulation of the vessel anastomosis process indicates the magnitude and the precise locations of strains and stresses in the structure caused by the applied tension on the suture. Meshes of varying density can be generated in different parts of vessel with desired accuracy and efficiency. The element type selected is C3D8R, an eight-node linear 
Validation of FEM model
In order to validate the FEM model of vessel anastomosis, a tensile experiment is conducted to describe the tightening process that tightens the suture to join the two vessels together. A rubber sample is loaded by a suture in both the physical and the simulation experiments. The properties of the rubber and the element type used in vessel anastomosis are also selected in these validation experiments. Figure 4 is a schematic of the tensile experiment. Due to the axisymmetric distribution of knots on the circumference of the vessel, the samples used in the tensile experiment are one-eighth of a vessel.
Since the thickness of a vessel wall is a fraction of the vessel diameter, the one-eighth thin-walled cylinder is replaced by a rectangular strip with a width of oneeighth of the vessel circumference and the same length as in the anastomosis model. The physical experiment is performed on an INSTRON-3340 tensile testing machine with a measuring range of −10 to +10 N. The same parameters are used in the FEM simulation as those in the physical experiments. The C3D8R elements 
Results
This section presents the FEM simulation results of vessel anastomosis, the allowable load range that avoids the blood leakage and keeps the vessel free from tissue injury.
Deformed states of vessel at different load levels
The deformed states of the vessel before and after the suture tension are illustrated in Figure 6 . By taking advantage of the symmetry, the vessel deformation is demonstrated by only one-eighth of the whole body. As can be seen from Figure 6 , the region affected by the suture tension is relatively small and focuses on the area around the needle hole. Figure 7 illustrates the vessel near the needle hole in different deformed states Figure 8 shows the wall stress distribution of the tissue near the needle hole when the tension loaded by suture is 0.4 N. As can be seen from Figure 8a , the stress is symmetrically distributed and decreases from the middle to the side on transverse section of the two vessels. There is also a tendency for the longitudinal stresses to decrease from the inner wall to the outer wall. From Figure 8b , we can see that the tissue around the needle hole protrudes and the circular shape of the needle hole becomes elliptical. The long axis of the ellipse is parallel to the axis of the vessel and the minor axis is parallel to the cross-section of the vessel. The maximal stress of tissue occurs in the bilateral area in the neighborhood of the needle hole near the cross-section from the stress distribution in Figure 8c .
Stress distribution of vessel
Effective range of tissue stress and suture tension
From the vessel wall stress distribution on the transverse section, blood leakage initially occurs in the middle of the two knots on the inner wall of the transverse section after the anastomosis is completed. For convenience, the distribution of longitudinal stress on the inner wall of the transverse section can be presented by the curve in Figure 9 . σ 1 is the longitudinal stress on the sides and σ 2 is the longitudinal stress on the middle. To avoid blood leakage from the transverse section, the longitudinal stress induced by the suture tension must be greater than that at normal blood pressure.
According to (36, 38) , circumferential, longitudinal and radial stresses are the dominant stresses in the vessel wall under physiological conditions when blood flows in a blood vessel. At normal blood pressure, the circumferential stress is of the order of 10 5 Pa, which is generally tensile. The longitudinal stress is smaller but of the same order of magnitude, and also usually tensile. The radial stress is an order of magnitude smaller and is usually compressive stress. So the longitudinal stress (0.1 MPa) (38) at the normal blood is selected as [σ min ]. Table 3 shows the simulation results of tissue wall stress when the tension loaded on the suture reaches 0.05 N. It can be concluded from Table 3 that the blood would not flow out from the anastomosis section when the tension loaded on the suture reaches 0.05 N.
Another great failure in operation of vessel anastomosis is tissue ripping. For rubber-like materials that generally fail due to plastic deformation, damage criteria include limiting stress and energy degradation. In this study, limiting stress was selected as [ Hence, the effective arrangement of suture tension is (0.05 N, 0.4 N) to perform the anastomosis without blood leakage and tissue ripping simultaneously. This is in accordance with the results of Kitagawa (39), who 
Discussion
Vessel anastomosis is a mechanical procedure, and a mechanical model is required to study the effects of the suture force on anastomosis quality in robot-assisted surgery. In this study, the influence of suture force on the quality of end-to-end anastomosis was investigated for the first time, using the finite element method and physical experiments. The proposed approach was determination of the allowable range of tension loaded on the suture, which has a major influence on the distribution of tissue stresses. The model and experimental results demonstrate that the mechanical model allows a detailed study of anastomosis procedures. The simulated 3D deformations perfectly resemble the typical shape of the vessel tissue around the needle hole. Stress analysis reveals that the tissue stress is larger during vessel tightening than during knot securing, even when the force loaded on the suture is the same. Hence, tissue damage mostly happens at the stage of tightening, rather than of knot securing. Based on the experimental results, the allowable lower limit of suture tension to avoid blood osmosis is 0.05 N, and the allowable upper limit loaded on the suture to keep the tissue free from ripping is 0.4 N. This is the first time that the force range of end-to-end anastomosis has been quantitatively investigated. The meaningful results obtained can be used to guide surgical procedure and to design surgical tools to improve the quality of end-toend anastomosis in robot-assisted surgery. For example, the surgeon could use more caution when tightening the suture, since the tissue damage mostly happens at this step of the operation. Based on the allowable load range ([T min ], [T max ]), the traction force of the needle and the clamping force of the end-effector can be obtained additionally, according to the equation of equilibrium for the knot tying model (40) . This provides a basis in strength calculation for the design of surgical tools.
